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A B S T R A C T   

The role of personalized ventilation (PV) in protecting against airborne disease transmission between occupants 
was evaluated by considering two scenarios with different PV alignments. The possibility that PV may facilitate 
the transport of exhaled pathogens was explored by performing experiments with droplets and applying PV to a 
source or/and a target manikin. The risk of direct and indirect exposure to droplets in the inhalation zone of the 
target was estimated, with these exposure types defined according to their different origins. The infection risk of 
influenza A, a typical disease transmitted via air, was predicted based on a dose-response model. Results showed 
that the flow interactions between PV and the infectious exhaled flow would facilitate airborne transmission 
between occupants in two ways. First, application of PV to the source caused more than 90% of indirect exposure 
of the target. Second, entrainment of the PV jet directly from the infectious exhalation increased direct exposure 
of the target by more than 50%. Thus, these scenarios for different PV application modes indicated that 
continuous exposure to exhaled influenza A virus particles for 2 h would correspond with an infection probability 
ranging from 0.28 to 0.85. These results imply that PV may protect against infection only when it is maintained 
with a high ventilation efficiency at the inhalation zone, which can be realized by reduced entrainment of in-
fectious flow and higher clean air volume. Improved PV design methods that could maximize the positive effects 
of PV on disease control in the human microenvironment are discussed.   

1. Introduction 

Exposure to pathogens from air has always been a major source of 
human morbidity and mortality worldwide. Influenza, for example, is 
one of the most common diseases that associate with human expiratory 
droplets and droplet nuclei, and the Centers for Disease Control and 
Prevention (CDC) reports that millions of illnesses and thousands of 
deaths are caused by seasonal influenza each year in the U.S [1]. 
Moreover, the 1918–1919 influenza pandemic caused 50 to 100 million 
deaths worldwide [1], and in 2009–2010 influenza A subtype H1N1 
caused 17,000 deaths worldwide [2]. 

New pathogens emerge unceasingly. The current global pandemic of 
the 2019 novel coronavirus disease COVID-19 has caused over 2.9 
million confirmed infections and over 200,000 deaths as of April 27, 
2020 (24:00 GMTþ8) [3]. The rapid spread of SARS-CoV-2, the virus 
that can lead to COVID-19, and the high level of morbidity associated 

with the COVID-19 epidemic has led to rapid and strict implementation 
of stringent control measures [4]. 

Of particular note is that the outbreaks of previous severe epidemics 
were found to be very closely related to transmission of infectious par-
ticles between persons in indoor environments [5], which highlights the 
importance of indoor environmental control. For example, Li et al. [6] 
reviewed several studies and found strong evidence of an association 
between ventilation and the transmission and spread of infectious dis-
eases. Luongo et al. [7] also concluded that there was a causal link be-
tween factors related to building ventilation and the risk of disease 
transmission. 

An increase in room ventilation rates is normally expected to 
decrease pathogen concentrations indoors, and such increases are used 
to reduce airborne infection risk. However, there is a lack of validated 
requirements for the use of ventilation to control the spread of airborne 
infectious diseases [6]. Jiang et al. [8] proposed that a safe ventilation 
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rate for eliminating airborne SARS-Co-V infection is to dilute the air 
emitted by a SARS patient 10,000-fold with clean air. The World Health 
Organization [9] suggested that a natural ventilation volume of 150 
m3/h per person is used in environments housing infectious patients. 
However, increasing the overall ventilation rate to such a high level 
would consume a large amount of energy, and total-volume ventilation 
of an entire room may not efficiently dilute infectious particles in the 
microenvironment between occupants [10,11]. 

Nevertheless, improving room ventilation efficiency is crucial, 
especially during epidemics or pandemics when there is a huge demand 
for ventilation volume. In this context, personalized ventilation (PV) 
that delivers clean air directly to a patient’s breathing zone, thereby 
improving the ventilation efficiency for individual patients in the same 
room, may enable optimal infection control [10,12]. 

Bolashikov and Melikov [13] reviewed different ventilation strate-
gies used for airborne disease control and proposed that PV may better 
protect occupants against airborne pathogens than total-volume 
room-air replacement. The American Society of Heating, Refrigerating 
and Air-Conditioning Engineers (ASHRAE) position document on 
airborne infectious diseases [14] also recommends PV and other venti-
lation strategies (such as dilution ventilation, local exhaust and source 
control ventilation) for use as effective measures to control and prevent 
disease transmission. This proposed strategy is in keeping with evidence 
that PV in conjunction with mixing ventilation (MV) can provide better 
protection against airborne infection than MV alone. 

For example, Pantelic et al. [15] evaluated the performance of a 
desk-mounted PV air terminal device (ATD) and found that the PV ATD 
could reduce both the peak aerosol concentration and the exposure time 
of droplets that were released during coughing. PV coupled with 
underfloor ventilation was also reported to provide protection for seated 
occupants from exhaled infectious agents [16]. Habchi et al. [17] 
determined that a ceiling PV equipped with desk fans could reduce oc-
cupants’ exposure to particles more than MV. Nielsen et al. [18] pro-
posed that a bed-integrated PV with a textile pillow as a diffuser would 
exhibit a high degree of protection against cross infection. However, 
there is a limited amount of recent research on PV as an air distribution 
system for disease control. Furthermore, the use of different PV system 
designs, the varying locations of the infected sources, and the different 
methods used for infection risk-assessment have meant that no consis-
tent design constraints for PV were developed in previous studies, which 
has restricted the practical application of PV. 

Another important aspect is that in addition to the protective effect 
of PV, it may also facilitate the transport of exhaled particles, especially 
when people are located in close proximity wherein short-range 
airborne transmission can be significant [19,20]. This may mean that 
if an infected individual is situated in a PV zone but his/her fellow un-
infected room occupants are not, the latter may suffer increased expo-
sure to exhaled pathogens. For example, Li et al. [21] found that the 
provision of PV for only an infected source meant that the intake fraction 
of exhaled droplets was increased for an exposed person under MV 
conditions. This possibility of PV-facilitated transport of infectious 
pathogens was also addressed by Bolashikov and Melikov [13]. 

It can be expected that the protective effect of PV would be maxi-
mized when the occupant inhales totally clean air; this is dependent on 
the PV operating at high efficiency. PV is designed to directly interfere 
with a human microenvironment, which may exhibit complex flow in-
teractions. This interacting flow may consist of a convective thermal 
boundary layer around the human body, exhaled flow from the infector, 
the general background ventilation and the PV flow supplied to the 
occupants [22,23]. The resulting complex flow interactions may affect 
the efficiency of PV and therefore also influence infective particle 
transmission within the microenvironment [12,22–28]. Consequently, 
low-efficiency PV systems may not effectively protect room occupants 
and may even increase occupants’ risk of airborne infection. 

The findings of several studies have indicated that PV protection 
technology can mitigate the spread of airborne transmissible diseases, 

but this research field is still developing. The objectives of this study 
were to experimentally investigate and estimate the effect of PV on the 
exposure and infection risk of a susceptible room occupant, and to 
further elucidate the causes of possible positive or adverse effects of PV 
on short-range airborne disease transmission between occupants. Based 
on the results, the potential and constraints of PV for infection risk- 
control are discussed. 

Experiments were designed with a clean air supply of PV ranging 
from 3 L/s, 6 L/s to 9 L/s respectively to a source or/and a target 
manikin in close proximity (<1 m). Two scenarios were considered, with 
PV ATDs aiming at the inhalation zone of the occupant inclined at an 
upward or downward angle. Experiments were conducted in a full-scale 
room equipped with PV-integrated MV for mitigation of the spread of 
airborne transmissible disease. The effect of PV for an infector or/and a 
susceptible person was investigated with regards to exhaled droplets, 
which were released from a Collison nebulizer with an initial size dis-
tribution similar to human breathing and sampled by an aerodynamic 
particle sizer (APS). Two types of assessment methods based on droplet 
concentration measurements were used to assess the exposure to and the 
risk of infection with a certain disease, namely influenza A. The findings 
of this study will help guide the optimal design and application of PV for 
airborne infectious disease control. 

2. Methods and design 

2.1. Test room and facilities 

Measurements were conducted in a particle-free environmental 
chamber of 5.0 � 3.5 � 2.5 m (L �W � H) equipped with MV, as shown 
in Fig. 1. To exclude the influence of particles contained in the room air 

Fig. 1. (a) Layout of the test chamber (units in mm); (b) scenario 1; (c) scenario 
2. Manikin A acts as the infected source and Manikin B is the exposed occupant. 
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on measurements of tracer particles released from the infector, two high- 
efficiency particulate air filters (HEPA filters, 99.5%) were installed at 
the supply and exhaust openings, respectively, for realizing MV. The air- 
change rate (ACR) was set as 2 h� 1, equivalent to an air flow rate of 24.3 
L/s. The cleanliness of the chamber was determined to be of ISO Class 7 
standard [29]; to maintain this, both supplied air and return air were 
passed through the HEPA filter that was mounted behind the wall grille. 
The background concentration of the remaining particles was checked 
prior to experiments, and was thus excluded from calculations. Return 
air, which contained a small volume of fresh air, was treated at an 
air-handling unit. The supply air temperature was set at 16.5 � 1.0 �C. 
The room air temperature and humidity were maintained by the 
conditioned supply air at 25.5 � 1.0 �C and 36 � 2% relative humidity 
(RH) during all experiments. 

The respiratory activities of an infector, such as coughing, sneezing, 
talking and breathing, can generate droplets that contain infectious 
particles. To investigate this scenario, two breathing thermal manikins 
with a relatively complex body shape and breathing functions were used 
to realistically model human bodies and breathing processes. Manikin A 
served as the infected, breathing source (Fig. 1, left) and manikin B 
served as the exposed occupant (Fig. 1, right). More details about these 
manikins can be found in our previous studies [30,31]. The two mani-
kins were placed face-to-face in sitting postures with a relative 
mouth-to-mouth distance of 0.86 m, which was used to represent a 
critical condition of a relatively short separation distance between two 
sedentary persons with the potential for direct contact. This critical 
face-to-face condition with a relative distance <1 m was considered to 
represent a realistic situation having a high possibility of short-range 
airborne transmission of airborne infectious particles, i.e., high 
cross-infection risk, such as on public-transport (e.g., buses or trains) or 
during doctor–patient interaction in a healthcare facility. These orien-
tations were based on the fact that it has been shown that cross-infection 
is more likely between face-to-face oriented individuals than between 
face-to-back or back-to-back oriented individuals [32–34]. 

The manikins were set with a metabolic rate of 1.2 Met, representing 
persons engaged in sedentary activities. The breathing frequency and 
minute volume largely corresponded to the metabolic level of 1.2 Met, 
as shown in Table 1. Both manikins inhaled through the nose and 
exhaled through the mouth, but at opposite times: i.e., the target 
manikin inhaled at the same time as the source manikin exhaled, and 
conversely. This breathing pattern was considered of a higher infection 
risk compared with other patterns, as has been reported in Ref. [32,35]. 

Two PV nozzles were placed in front of the source (PVa) and the 
target manikin (PVb), respectively, pointing to their nose tips at a 
relative distance of 0.36 m and at an angle of 23.6� to the vertical di-
rection. These dimensions were selected to ensure a relatively short 
distance between the two manikins. The relative distance of 0.36 m was 
selected to satisfy both the ergonomics considerations and a relatively 
high clean air volume. The PV jet was used to provide clean air directly 

to the manikins’ inhalation zone and was thus the complement to MV. 
Fig. 2 depicts the setup of a PV. The flow rate of the nozzle jet was 

controlled and adjusted with a variable frequency fan and a manual 
damper. Three designed flow rates were applied: 3 L/s, 6 L/s and 9 L/s. 
An anemometer (TSI 9535A) was placed in a straight and relatively long 
circular cross-section air-duct to measure the exact flow rates of the PV, 
where this duct was 12 times longer than the diameter of the duct from 
the damper to the test point, as shown in Fig. 2. The velocity and con-
centration profiles of a similar convergent PV nozzle along a centerline 
were tested in Ref. [23]. The centerline velocity decay of the free nozzle 
jet with the tested flow rates was measured with a hotwire anemometer 
(Swema 03þ) and the velocity profiles can be found in the Appendix 
(Fig. S1). 

The PV system was mounted inside the test chamber, and supplied 
with recirculated room air. Specifically, recirculated isothermal room 
air was re-filtered by being passed through a custom-made HEPA filter 
mounted in the air duct of the PV and then supplied to the nozzle as 
clean particle-free air. The particle-free air chamber was well-sealed to 
avoid any inward leakage of particles from the outside, thus recirculated 
and finely filtered room air was used to supply the PV instead of external 
fresh air, to maintain the integrity of the test chamber and also to 
simplify the experimental system. 

The initial turbulence intensity of the nozzle jet (at flow rates of 3 L/ 
s, 6 L/s or 9 L/s) was measured with a hotwire anemometer (Swema 
03þ) and found to be less than 5%, and the length of the clean air core 
was 3–4 times the diameter of the nozzle (50.8 mm), both of which 
corresponded to our previous measurements [23]. It is preferable that a 
wider PV air terminal device (ATD) with a longer clean air core is used, 
as this can reach an occupant’s breathing zone and therefore protect 
him/her from polluted room air. However, given that people vary 
widely in sizes, shapes and seating distances, and that they may adjust 
the position of the PV ATDs, it is unlikely that the use of PV can reliably 
offer optimal protection. Therefore, in this study a small nozzle was used 
to represent a situation wherein PV ATD supplies approximately 40% of 
clean air to the inhalation zone. 

Fig. 3 presents the turbulent development of the PV flow with the 
same small nozzle aimed with a horizontal placement at a real person, 
and aimed with a downward or upward incline placement at the same 
manikin. It was found that with a nozzle-exit-to-target distance of 
approximately 0.4 m, this PV setup (Fig. 3) achieved a clean air delivery 
efficiency of approximately 40%, varying slightly with different place-
ments of PV (horizontal, inclined upward or downward). Increasing the 
flow rate of PV from 3 L/s to 9 L/s increased the PV clean air-delivery 
efficiency by no more than 5% [23]. The horizontal placement of PV 
was not used in this study as it occupied too much shared space between 
the two face-to-face occupants. Instead, PV inclined upward or down-
ward was used, as these placements achieved similar clean-air delivery 
efficiencies as the horizontal case. 

To compare the effect of the positioning of PV, two scenarios were 
considered: nozzles placed above (scenario 1, Fig. 1 (b)) or below 
(scenario 2, Fig. 1 (c)) nose height. In both scenarios, PV may be per-
formed with the PV ATD mounted on a movable arm-duct [12] attached 
to the top or the bottom of the room. The PV ATD can also be integrated 
with the ceiling or the desk to locate it close to the occupant. The 
concept of PV is to supply clean air directly to the breathing zone of a 
sedentary person, and to allow the exposed occupant and the infector 
some control of the flow rate and the flow direction. The infector may 
not be aware of his/her infection, and/or may only use PV when his/her 
health condition permits. Ten cases under two scenarios were tested (as 
shown in Table 2), which included the possibility of individual control of 
the PV flow rate. 

2.2. Experimental procedures 

The sensors and test equipment that were used and their specifica-
tions are listed in Table 3. To simulate multiphase flow consisting of 

Table 1 
Parameters for the two manikins.  

Parameters Manikin A Manikin B 

Metabolic rate, Met 1.2 1.2 
Heat output from the 

body [31], W/m2 
70 70 

Breathing pattern in nose, out mouth in nose, out mouth 
Breathing frequency, 

min� 1 
15 (2 s exhalation–2 s 
inhalation within a 
breathing cycle) 

15 (2 s inhalation–2 s 
exhalation within a 
breathing cycle) 

Exhaled air flow rate, 
L/min 

18.7 (3.9 from the 
nebulizer) 

13.8 

Inhaled air flow rate, 
L/min 

13.8 14.8 

Exhaled air 
temperature [30], 
�C 

32.6 � 1.0 30.5 � 0.9 (Not heated by 
the electronic heater)  
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expiratory droplets suspended in expelled air from the infected person, a 
Collison nebulizer (3-jet, BGI, Inc., Waltham, MA) was used to generate 
polydisperse droplets. With appropriate settings of the flow rate of 
supplied air and solution of the liquid, this nebulizer can produce similar 
droplet size distribution profiles to human breathing. The pressure of 
clean and compressed air supplied to the nebulizer was set as 10 psig 
(0.069 MPa), corresponding to an aerosol generation flow rate of 3.9 L/ 
min. Sodium chloride (NaCl) served as the core of droplet nuclei in 
human breathing [36] and 50% distilled water mixed with 50% iso-
propyl alcohol by volume was used as the solvent to simulate the 
evaporable components in human saliva. The density of the solution was 
33.8 μg/mL. The droplet size-distribution profiles between human 
breathing and the nebulized aerosols in this study are compared in 
Table 4. 

Fig. 4 depicts one example of the sampled droplets from the mani-
kin’s mouth P1. The geometric mean diameter and the modal diameter 
of the generated droplets were 0.7 μm and 0.6 μm, respectively, with a 
geometric standard deviation varying from 1.22 to 1.35. This confirmed 
that this solution could be used to generate a similar droplet size- 
distribution profile to human breathing [38]. 

The droplets released from the nebulizer were injected into the 
exhaled air of the source manikin (manikin A) and were then expelled at 

Fig. 2. Schematic of setup of the personalized ventilation (PV) device used for the two manikins (d is the inner diameter of the duct, which is 75 mm).  

Fig. 3. Schlieren imaging visualization of the turbulent nozzle flow interacting with a human thermal plume [23]: (a) PV with a horizontal placement applied to a 
real person; (b) PV applied to a thermal manikin inclined downward and (c) inclined upward. 

Table 2 
Cases tested for the two scenarios.  

Test series Case 
label 

PVa 
(L/s) 

PVb 
(L/s) 

MVa(ACRb) uP1,NM
c 

(m/s) 
uP1,TM

d 

(m/s) 

Baseline case MV 0 0 2          0 0 
PV used for 

manikin A 
only 

PVa3 3 0 1.14 0.56 
PVa6 6 0 2.28 1.40 
PVa9 9 0 3.48 2.19 

PV used for 
manikin B 
only 

PVb3 0 3 0 0 
PVb6 0 6 0 0 
PVb9 0 9 0 0 

PV used for both 
manikin A and 
B 

PVab3 3 3 1.14 0.56 
PVab6 6 6 2.28 1.40 
PVab9 9 9 3.48 2.19  

a MV: mixing ventilation. 
b ACR: air change rate. 
c uP1,NM is the PV centerline velocity of a free nozzle jet at P1 (the distance 

between the nozzle and P1 is 0.36 m) with Manikin A absent (NM), which was 
measured using a hot wire anemometer (Swema 03þ). 

d uP1,TM is the PV centerline velocity at P1 with Manikin A present (TM), which 
was extrapolated from Fig. 6 in Ref. [23]. 
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a designed frequency and temperature (Table 1) from the manikin’s 
mouth. It was expected that droplet deposition would occur in the 
manikin’s respiratory airway, which would result in particle loss before 
the exhalation flow arrived at the manikin’s mouth. However, as only 
droplets released from an occupant’s mouth would contribute to infec-
tious particle transmission indoors, the deposition or the subsequent re- 
suspension process occurring in the manikin’s respiratory airway was 
ignored. Accordingly, the particle concentration measured at the mouth 
opening was used as the initial concentration for further analysis. 
However, the nebulizer-generated initial droplet concentration was 
found to be higher than that from humans, and thus should be 
normalized by the average initial concentration from human subjects’ 
mouth breathing for further infection-risk assessment. 

The time required for droplets to evaporate from their initial con-
dition to nuclei was expected to be very short, but depends on many 
factors [39–42]. Based on the calculation suggested by Nicas et al. [42], 
it was found that 0.1 s would be required for droplets with an initial size 
of 12 μm to evaporate to nuclei. Therefore, we expected that instanta-
neous evaporation occurred before the aerosolized droplets reached the 
manikin’s mouth via the tube inside the manikin’s body. Fig. 4 shows 
one of the examples of the sampled particle size distributions at the 
source manikin’s mouth. It can be seen that the geometric mean aero-
dynamic particle size is approximately 0.7 μm, with more than 80% of 
droplets smaller than 1 μm, which means that for short-range trans-
mission, the deposition rate of aerosols from mouth breathing is negli-
gible. Duan et al. [43] determined that the deposition rate of 1 
μm-diameter droplets on the facial mucosa of the droplet-generating 
person was only 1.02%, implying that airborne transmission could be 
a dominant mode of short-range transmission [20]. 

Measurements of the numbers of droplets in the microenvironment 
between the two manikins were conducted with an APS (TSI model 
3321), which measures the aerodynamic diameter of particles in the 
diameter range of 0.5–20 μm and detects particles as small as 0.3 μm. 
The sampling time interval was set as 1 s. An APS has been used in 
several studies [38,44] for detecting the initial droplet size-distribution 
in human respiration. An isokinetic probe was positioned in the inha-
lation zone of the target manikin, 10 mm below the nose (P3 in Fig. 1). 

Concentration measurements were also taken at the source manikin’s 
mouth (P1 Fig. 1) and at the center point between the two manikins (P2 
Fig. 1). An additional omnidirectional hotwire anemometer (Swema 
03þ) was used in the center vertical plane to determine the position of 
P2 at maximum velocity, representing the centerline position of the 
exhaled flow [30,31,34] from the infected person. 

2.3. Criteria for assessment 

2.3.1. Exposure risk assessment 
The source expelled droplets with a time-averaged level of S, which 

can be derived from Eq. (1), where Cs is the measured concentration at 
P1 at the mouth opening of the source manikin, as follows: 

S¼
R τ

0 Csdτ
τ (1) 

Table 3 
Key experimental equipment and specifications.  

Equipment Manufacturer and 
model 

Sensitivity and/or technical data Error 

Aerodynamic particle 
sizer 

TSI Model 3321 Aerodynamic particle size range: 0.5–20 μm; Resolution: 0.02 μm at 1.0 μm diameter and 
0.03 μm at 10 μm diameter; Display resolution: 32 channels per decade of particle size 
(logarithmic); Sampling time: 1 s. 

�10% of reading plus variation 
from counting statistics. 

Collison nebulizer BGI, Inc. 3-jet Pressure (this study): 10 psi; Volume of air: 3.9 L/min; Liquid loss (droplet þ vapor): 9.15 �
10� 3 mL/min. 

GSDa: 1.22-1.35 

Omnidirectional 
anemometer 

Swema 03þ Velocity range: 0.05–3 m/s at 15–30 �C (can be expanded to 10 m/s); Response time: <0.2 s; 
Maximum sampling frequency: 100 Hz 

�0.03 m/s at 0.05–1.0 m/s; �3% 
read value at 1.0–3.0 m/s 

Hotwire anemometer TSI 9535A Velocity range: 0–30 m/s; Resolution: 0.01 m/s; Response time: 1 s. The maximum of �3% read value 
or 0.015 m/s. 

Thermocouples Type K Temperature range: 0–50 �C �0.1 �C  

a GSD: Geometric standard deviation. 

Table 4 
Experimental expiratory-droplet size data.  

Study Expiration type Measurement 
technique 

Dmin [μm] Dmax [μm] Geometric mean [μm] Geometric standard deviation 
[μm] 

Papineni and Rosenthal [36] Mouth breathing OPCa <0.6 2.5 0.7 1.4 
Papineni and Rosenthal [36] Nose breathing OPCa <0.6 2.5 0.8 1.5 
Papineni and Rosenthal [36] Mouth breathing ATEMb <0.6 2.5 1.2 1.6 
Edwards et al., 2004 [37] Breathing OPCb / / Predominant size is 150–199 nm / 
Morawska et al. [38] Mouth breathing APSc <0.3 5.5 � 1 Modal diameter <0.8 / 
This study (see Fig. 4) Mouth breathing APSc <0.5 2.5–5 0.7 1.22–1.35  

a OPC: optical particle counter. 
b ATEM: analytical transmission electron microscope. 
c APS: aerodynamic particle sizer. 

Fig. 4. One example of the particle size distribution at the source mani-
kin’s mouth. 

C. Xu et al.                                                                                                                                                                                                                                       



Building and Environment 180 (2020) 107008

6

The room was supplied with MV at a constant air-flow rate q0. The 
concentration in the exhaust of the room Ce is thus expressed in Eq. (2) 
[45] as follows: 

Ce¼
S
q0

(2) 

The concentration of droplet nuclei in the breathing zone of the 
target manikin Cbz is normalized to yield an exposure risk index [46], 
defined in Eq. (3) as follows: 

εbz¼
Cbz

Ce
¼ Cbz

q0

S
(3) 

When εbz ¼ 1., PV delivers no clean air to the breathing zone, rep-
resenting pfectly mixed conditions; when εbz > 1, the proportion of 
exhaled droplets in the target’s breathing zone is greater than in the 
ambient environment; and when εbz < 1, PV can protect the exposed 
occupant from the exhaled droplets to some extent, which is the pref-
erable condition. It may be possible to reduce the inhaled concentration 
of droplet nuclei by using a high flow rate of ventilation q0 to dilute the 
overall infectious particle concentration in the entire system. However, 
the localized concentration in the microenvironment between the oc-
cupants may not be efficiently and effectively diluted by the general 
ventilation [10,11]. 

As shown in Fig. 5, the localized concentration Cbz in the inhalation 
zone of the target is not only derived from indirect exposure Cindirect but 
also from direct exposure Cdirect [47]. Indirect exposure is generated by 
transport and dilution of the exhaled contaminant from the source by the 
general ventilation, whereby the exhaled contaminant flows to the room 
and attains a concentration distribution around the target person. Direct 
exposure occurs by exhalation from the source flowing directly into the 
target’s breathing zone. Thus, two additional exposure-risk indexes can 
be defined as Eqs (4)–(6): 

εindirect ¼
Cindirect

Ce
: (4)  

εdirect ¼
Cdirect

Ce
¼

Cbz � Cindirect

Ce
(5)  

εbz¼ εindirect þ εdirect (6) 

All of the measurements were conducted after a few hours of MV, 
when the pticle concentration in the exhaust had reached a relatively 
steady state. APS-based measurement of Cbz lasting for 10 min generated 
600 samples of instantaneous particle concentration. Cindrect w obtained 
by measurement at the same sampling point as Cbz, immediately after 
shutting down the exhalation of the source. The sampled particle con-
centration in the breathing zone was thus only from the air distribution 
around the target. 

A 10-min sampling period was also used for the measurement of 
Cindrect. There might be a decrease of Cindrect over time without the release 
of particles from the source, but it can be inferred that the overall 
concentration of tracer particles in the room would decay by less than 
8% in an exponential function over time under an ACR of 2 h� 1. Given 
that the microenvironment between the occupants might not be diluted 
efficiently by the general ventilation, the decay of Cindrect during the 
short sampling period was not considered. 

2.3.2. Infection risk assessment 
Another index to evaluate infection risk under PV was used. The 

advantage of using tracer particles as media to simulate pathogen 
transport is that the infection risk of certain diseases such as influenza A 
can be evaluated by using the exposed droplet concentration in the 
breathing zone of the susceptible person. Based on the dose-response 
model for an unsteady imperfectly mixed environment [48], the prob-
ability of infection can be estimated using Eq. (7) [49]: 

P1ðt0Þ¼ 1 � exp

0

@ �
Xm

j¼1
rjβjcpqt0

Z t0

0
vðtÞjf

0

@t

1

Adt

1

A (7)  

where P1(t0) is the probability of infection of the susceptible person, m is 
the total number of size bins, v(t)j is the volume density of droplets of the 
jth size bin, and βj is the deposition fraction of the infectious particles of 
the jth size bin. The exposure level is divided into different size bins 
based on the consideration that the infectivity varies with particle size 
and deposition site in the respiratory tract [50]. Furthermore, r is a 
fitting parameter to make P1(t0) equal to 0.5 when the infectious dose is 
ID50, c is the pathogen concentration in the respiratory fluid [49], q is 
the breathing frequency of the infector, p is the pulmonary ventilation 
rate of the susceptible person, t0 is the exposure time interval, f(t) is the 
viability time-function of the pathogen, and v(t)j is the volume density of 
expiratory droplets in the exhalation of the infector. 

The expiratory droplets evaporate and shrink to nuclei within a short 
time [39–42]. The concentration of droplet nuclei can be measured at 

Fig. 5. Contaminant flow between the source (right) and target (left) manikins 
indicated by smoke [47]. 

Table 5 
Literature data used for calculation of the infection risk of influenza A.  

Parameter Influenza A Remarks 

c 1 � 105 TCID50
a/mL Geometric mean from seven patients (Murphy et al., 1973 [51]) 

Respiratory deposition and 
infectious dose 

ID50 ¼ 1.8TCID50 r ¼ 0.385b Infectious dose for aerosol �3 μm, mean value of the range: 0.6–3.0; β ¼ 0.6 (Alford et al., 1966 
[53]) 

ID50 ¼ 223.5TCID50 r ¼ 0.0031 Upper respiratory tract infectious dose, for larger aerosol mean value of the range: 127–320 
reported by Douglas (1975) [54]; β, total respiratory fraction reported by Hinds (1999) [48] 

Viability of influenza virus <20 �C and 60% RH approximately 20% remained 
viable at t ¼ 0, f(t) ¼ 0.0351e� 0.261t 

Extrapolated from Fig. 6 in Hemms et al.(1960) [55] 

v(t)j Assume final nucleus size represents 6% of the 
initial volume (Nicas et al., 2005 [42]) 

Calculation given by Sze To et al. (2008) [49]  

a TCID50 refers to the mean tissue-culture infectious dose, a unit to describe the quantity of virus. 
b r ¼ 0.385 is used for calculation as the infectious dose is for aerosols of �3 μm (Fig. 4). 

C. Xu et al.                                                                                                                                                                                                                                       



Building and Environment 180 (2020) 107008

7

the inhalation zone of the target manikin and the droplet nuclei sizes are 
adopted for βj and rj. The nucleus sizes of aerosols should be converted to 
their initial droplet sizes to calculate v(t)j, as c refers to the pathogen 
concentration in the respiratory fluid before evaporation. 

The volume density of expiratory droplets in the exhalation of the 
infector, v(t), can be derived from the measured concentration in the 
breathing zone of the susceptible person, Cbz [49]. As the initial con-
centration of droplets released from the source manikin was higher than 
those from real persons, the initial aerosol concentration, C0, measured 
at the mouth opening of the source manikin (P1 Fig. 1) was normalized 
to an average initial concentration of 0.092/cm3, which was in line with 
the data obtained by APS analysis of human subjects breathing [38]. The 
Cbz was then normalized with respect to the ratio between C0 and 
0.092/cm3, and was used for further infection-risk assessment. 

The infection risk of a common airborne-transmitted virus, which 
causes influenza A, was evaluated under the effect of PV. Influenza A 
viruses are nanometer-scale biological particles that can infect both the 
upper and lower respiratory tract. The aerosol transmission of influenza 
virus has been estimated as one of its most dominant transmission 
pathways in some studies [51,52]. Epidemiological data from previous 
infection-risk assessments for influenza A are given in Table 5. 

3. Results 

The results were obtained from the measurement point P3 (indicated 
in Fig. 1), which was in the inhalation zone of the manikin and affected 
by different types of airflows. The flow field in the occupant’s inhalation 
zone consisted of complex interactions between the following: the 
general ventilation of MV, the PV-generated flow, the buoyancy-driven 
thermal boundary layer around the occupant, the inhalation/exhalation 
flow from the occupant, and the exhaled flow containing droplets from 
the infected person. The complex airflow interactions between the PV 
and the thermal boundary layer were studied previously by the authors, 
using tracer gas (N2O) measurement, Laser Doppler Anemometry (LDA) 
and Schlieren imaging techniques [56]. In this study, emphasis was 
placed on the importance of the combined effect of PV, exhaled flow 
from the infector and the inhalation of the susceptible person on 
airborne transport of infectious particles. 

3.1. Exposure risk assessment for scenario 1 

Figs. 6 and 7 show the exposure risk εbz and indirect exposure risk 
εindirect for the scenario 1 test series in Table 1, respectively. Fig. 7 depicts 
the indirect exposure without measuring cases of PVab. It can be seen 
that Cbz of the baseline case of MV was slightly higher than Ce with εbz 
slightly higher than 1, indicating slightly higher droplet concentrations 
were present in the microenvironment between the occupants than the 
ambient air. This corresponded to the results in Ref. [34] under MV with 
a relative distance >0.8 m. The initial exhaled velocity produced by the 

artificial lung from the source manikin’s mouth was approximately 2.44 
m/s and the centerline velocity decayed to 0.32 m/s at the vertical P2 
plane (0.43 m apart from the mouth). The centerline of the exhaled flow 
was found to bend upward, 5 cm higher than the mouth height. It can be 
inferred that the direct influence of the source manikin’s exhalation flow 
was negligible in the inhalation zone of the target manikin, as under 
these conditions both the exhaled velocity and concentration would 
decay to approximately background values with a separation distance of 
0.86 m [30,31]. This can also be seen from Figs. 7–9(a), where the in-
direct exposure εindirect was comparable to εbz with MV, accounting for an 
average of 94.2% total exposure. 

When the source manikin was subject to PV, indirect exposure was 
still dominant, with an average proportion of 96.2–98.1% of the total 
exposure (Figs. 8 and 9(b)). Fig. 6 shows that the εbz with PVa was 
slightly higher than that with MV and no significant correlation with the 
flow rates of PVa was found. Due to the downward supply of PVa to the 
breathing zone of the source manikin, the exhaled flow interacted with 
the PV jet immediately after it left the mouth opening (Fig. 9(b)), and 
thus the mixing effect of the exhaled droplets with the forced convection 
of PV was enhanced. The development of the exhaled flow was inhibited 
by PV, especially at higher PV flow rates of 6 L/s and 9 L/s in which the 
centerline disappeared and the centerline velocity was unmeasurable. 
However, the exhaled flow was able to penetrate the 3 L/s PV flow, 
whose centerline velocity was measured to be 0.22 m/s and was 3.5 cm 
higher than the mouth height at the P2 plane. This was because the 
penetration velocity was significantly higher than the received PV ve-
locity at the mouth. The maximum exhaled velocity from the mouth was 
approximately 2.44 m/s and the PV centerline velocity decayed to 
merely 0.56 m/s at a distance of 0.36 m from the nozzle [23]. As the PV 
was oriented toward the nose, the velocity of the PV at the mouth away 
from the centerline would be even less than 0.56 m/s. 

Fig. 6 also shows that unexpected transmission of droplets could 

Fig. 6. Box plot of exposure risk εbz in the breathing zone of the target manikin 
for scenario 1. 

Fig. 7. Box plot of indirect exposure εindirect in the breathing zone of the target 
manikin for scenario 1. 

Fig. 8. Time-averaged proportion of direct and indirect exposure in the 
breathing zone of the target manikin for scenario 1. 
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occur when PVb was used. The εbz and its fluctuations with PVb were 
significantly higher than those with MV or PVa. The higher fluctuations 
of εbz may be caused by the dynamic interactions of PV with the periodic 
exhaled airflow, especially for PVb of 3 L/s and 6 L/s. The εbz was 
elevated as the droplet-laden exhaled flow grew with propagation dis-
tance, reached the accessible area of PV flow and was then entrained by 
PV. The exhaled droplets were taken directly to the inhalation of the 
exposed manikin by the PV air. 

However, when the source manikin was inhaling, the droplets would 
not be directly loaded by the PV air and the εbz would be less. The εbz 
reached a maximum value of 5.4 (Fig. 6, PVb 7 L/s), but the averaged 

εindirect for all PVb cases were less than 1 and even lower than those in the 
MV case (Fig. 7). This meant that the direct exposure largely contributed 
to the elevated exposure risk via PVb. Fig. 8 shows the direct exposure 
accounted for 61.3–85% of the total exposure when PVb was used. This 
can be explained by the PVb-accelerated transport of droplet nuclei to 
the occupant’s breathing zone. With the development of the nozzle jet, 
droplet-laden ambient air was entrained within vortex rings in the tur-
bulent shear layer. The concentrations of these droplets could increase 
when the entrained air was directly drawn from the droplet-laden 
exhalation flow. Fig. 9(c) shows that the end edge of the exhaled flow 
may collide with the turbulent nozzle jet and lead to high concentrations 
of droplets in the PV air. However, the highest concentrations of droplets 
occurred with PVb 6 L/s rather than 9 L/s. This was probably due to 
increased clean volume of PV flow at the flow rate of 9 L/s. 

The air quality of the nozzle jet deteriorated with the development of 
the flow. When both of the occupants were subject to PV, the deterio-
ration of the PVb flow was significant at a low air flow rate of 3 L/s. As 
the exhaled flow could penetrate a PVa flow of 3 L/s, the PVb contained 
the same concentration of droplets as the room air. An approximately 
40% proportion of clean air could be directly supplied to the inhalation 
zone of the susceptible person at higher flow rates of 6 L/s and 9 L/s. 

3.2. Exposure risk assessment for scenario 2 

The measurement results for scenario 2 are presented in Figs. 10–13. 
When the source manikin used PVa, it was observed that the exhalation 
flow was able to penetrate the supplied PV flow of 3 L/s. The centerline 
velocity of exhaled flow at P2 plane was found to be 0.24 m/s (9.8% of 
the initial velocity) and 7 cm above the mouth height, which also 
exceeded the nose height of the target. The centerline of the exhaled 
flow was somewhat elevated by the upward air stream of PVa. 

When PVa was operated with 6 L/s or 9 L/s, the centerline of exhaled 
flow disappeared at the P2 plane, and the mixing of exhaled droplets 
with PV air occurred in the breathing zone of the source manikin. 
Therefore, the contamination of the inhaled airflow of the target 
manikin largely depended on indirect exposure. The average εbz of PVa 
was slightly greater than 1, approximately the same as that under MV, 
indicating that complete mixing occurred in the inhalation zone of the 
target. The proportion of indirect exposure to total exposed droplets was 
greater than 94%, slightly greater than that for 3 L/s. 

As both the exhaled flow and the PVb air developed an upward di-
rection as shown in Fig. 13(b), the collision between the PV jet and the 
end part of the exhaled flow or the remaining suspended cloud of par-
ticles after exhalation was not as marked as that which occurred in 
scenario 1. A smaller proportion of exposed droplet nuclei was derived 
from direct exposure (56.7–72.7%) than that in scenario 1 (61.3–85%), 
but still more than 50% of the inhaled droplet nuclei were directly 
delivered from the exhalation of the source. Thus, the use of PVb led to 
an increased exposure level and turbulence intensity in the inhalation 

Fig. 9. Airborne transmission between the two occupants with (a) MV, (b) PVa 
– scenario 1 and (c) PVb – scenario 1. The volumes of the exhaled flow and the 
PV jet are depicted according to the flow visualization and measurements in 
Fig. 3 and [56]. 

Fig. 10. Box plot of exposure risk εbz at the breathing zone of the target 
manikin for scenario 2. 
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zone of the target manikin. This implies that improper placement of PV 
for the susceptible person may have an adverse effect on infection 
control, especially when the PV flow may closely interact with the 
exhalation from the infector. That is, direct turbulent entrainment of 
exhaled droplets to the PV flow would cause rapid deterioration of the 
clean PV air, and thus a greater concentration of droplets would be 
delivered to the breathing zone of the occupant. Although increasing the 
flow rate resulted in the clean PV air compensating for this deteriora-
tion, this strategy led only to a limited improvement in air quality in the 
inhalation zone of the target, as shown in Fig. 10 of PVb. 

It should be noted that the exhalation of human breathing may not 
penetrate as far as the exhalation of such manikins, and thus the human 
exposure risk may be somewhat overestimated by these data [30]. 
Specifically, it has been found that the high initial turbulence intensity 
at the mouth opening, caused by humans’ complex respiratory tract [30, 
57], results in the maximum propagation distance of exhaled flow being 
less than that from a manikin [30]. In addition, most measurements of 
mouth breathing in human subjects found a downward flow trend with 
an average angle of 14� [56]. Appendix Fig. S2 presents an example of a 
human subject’s mouth breathing. The upward PVb jet used in scenario 
2 may thus also entrain infectious pathogens from human exhalation 
flow bending downward. Therefore, the placement of PV for the sus-
ceptible person within the infectious particle-exposure zone between the 
occupants should be avoided, as PV directed to this area may actually 
lead to a heightened infection risk. Apparently, the separation distance 
of 0.86 m was not sufficient for the use of PV for the two face-to-face 
occupants, and thus the minimum distance required for the placement 
of PV to control infectious particle transmission should be further 
investigated. 

The application of PV to the infector would accelerate the mixing of 
infectious particles with room air and indirect transmission would be the 
dominant mode of particle transport. In Fig. 10 a comparison of PVab 
with PVb indicates that PVb effectively protected the susceptible person 
only when it was placed away from the high-concentration droplet flow 
and was realized with a relatively large amount of clean air. 

3.3. Infection risk of influenza A 

Infection-risk assessment is a useful tool for studying disease trans-
mission and evaluating the effectiveness of infection-control measures 
[33]. Fig. 14 shows the predicted infection risk of influenza A over an 
exposed time interval ranging from 10 min to 2 h. The results were 
obtained based on the epidemiological data in Table 5. The exposure risk 
of an individual indicates the relative scale between the exposure con-
centration of an infectious agent and that contained in ambient air, as 
expressed in Eq. (3). The infection probability modeled by the 
dose-infection relationship in Eq. (7) consists of the estimation of the 
infection-dose intake, which requires knowing the absolute level of 
exposure to the infectious agent. The mean intake-dose value should be 
used rather than the value of a single trial for the risk calculation, 
because the variability of intake dose has been incorporated in Eq. (7) 
using the Poisson probability concept [58]. The infection probability P 
(t) can be inferred to increase with the mean relative exposure level εbz, 
but slight differences may also exist between the trends of these pa-
rameters under different ventilation modes. As shown in Fig. 14, cases 
with PVb of 6 L/s had the highest influenza A infection risk in both 
scenarios. This was due to that fact that the modeling of infection risk 
not only considers the absolute aerosol concentration Cbz but also takes 
into account the size distributions of both the inhaled droplet nuclei and 
the initial expiratory droplets. 

From the results in Fig. 14, it can be seen that PV has the potential to 
either increase or decrease the infection risk of influenza A in both 
scenarios. The results also show that increasing the PV flow rate does not 
always effectively control the infection risk. That is, the increase of 
infection risk with PV compared with that with MV was caused by PV 
causing increased indirect and/or direct exposure level to the 

Fig. 11. Box plot of indirect exposure εindirect at the breathing zone of the target 
manikin for scenario 2. 

Fig. 12. Time-averaged proportion of direct and indirect exposure in the 
breathing zone of the target manikin for scenario 2. 

Fig. 13. Airborne transmission between the two occupants with (a) PVa – 
scenario 2 and (b) PVb – scenario 2. The volumes of the exhaled flow and the 
PV jet are depicted according to the flow visualization and measurements in 
Fig. 3 and [26]. 
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susceptible person. The application of PV to the infectious source may 
therefore in some circumstances accelerate the mixing of infectious 
particles with room air and may increase the indirect exposure to the 
person who shares the same room space, but in this situation the in-
crease in infection probability was estimated to be no more than 0.15 
within the calculated exposure interval of 2 h. 

When the PV flow developed in the infection-prone zone between the 
occupants, rapid deterioration of the PV air would probably introduce 
even more infectious particles directly into the inhalation, which obvi-
ously should be avoided in practical design. For a short exposure time 
interval, e.g., 30 min, the infection probability was less than 0.1 and did 
not vary much among different alignments of PV. With continuous 
contact with the infectious particles for over 2 h, the infection proba-
bility could exceed 0.85, which equates to a high possibility of infection 
for the susceptible person. If the intake dose was well controlled and 
maintained at a low level, the infection risk over 2 h would be minimized 
to approximately 0.28 by use of PV, as shown in Fig. 14 (b). This implies 
that PV may offer protection against airborne transmission only if clean 
and fresh air is successfully supplied to the inhalation zone of the 
occupant. This was achieved with PVab of 9 L/s for both scenarios and 
with PVab of 6 L/s for scenario 2; moreover, PVa values of 6 L/s and 9 L/ 
s suppressed the development of the infectious exhaled flow. 

Conversely, PV may aid in the transmission of infectious particles 
when it closely interacts with the exhaled flow from the infectious 
source. For example, when PVa was 3 L/s, the exhaled flow could 
penetrate the invading PV flow, and thus these PV conditions did not 
protect the exposed occupant. 

To summarize, the performance of PV used for infection-risk control 
depends largely on the extent to which PV entrains infectious droplets 
from its working environment. That is, PV used for the infector facili-
tated the transport of airborne particles but the increased indirect 

infection risk was found to be limited in ventilated space. Nevertheless, 
direct entrainment of an infectious exhaled flow by PV should be strictly 
avoided. 

With respect to the design of PV required to protect against airborne 
transmission, the following aspects should be considered: (1) PV should 
be carefully oriented away from an adjacent occupant’s breathing zone; 
(2) high efficiency PV with reduced entrainment of ambient particle- 
laden air is preferable; and (3) a higher volume of clean air from PV 
can be also be protective, but only when it does not interact with the 
adjacent occupant’s exhaled flow. 

4. Discussion 

4.1. Improved PV designs for disease control 

As PV is a ventilation mode that directly interferes with a human 
microenvironment, the flow interactions within this microenvironment 
should be carefully considered to identify the best design for optimal 
infection control. Advanced PV designs should be developed to satisfy 
requirements for effective interventions in airborne transmission path-
ways at any point within the microenvironment, from where particles 
leave the infectious source to where these enter the breathing zone of 
another. 

In this study it was found that the effectiveness of PV in protecting 
against infectious particle transmission largely depends on the extent to 
which PV entrains ambient infectious particles. If low entrainment of 
ambient air by PV can be realized, PV can deliver clean air with high 
efficiency directly to the breathing zone of the exposed occupant. PV 
ATDs with wider diameter that can achieve a longer clean air core are 
recommended for this purpose. When the jet’s clean-air core is long 
enough to reach the occupant’s breathing zone (BZ), the occupant can be 
effectively protected. Khalifa et al. [59,60] designed a novel co-flow 
nozzle to lengthen the inner clean-air core of the inner primary nozzle 
for improving the achieved air quality at the BZ with use of a small 
fraction of clean air. This can also be easily realized by using PV ATDs 
placed in close proximity to the BZ. Some PV ATDs are therefore 
designed based on this close-to-BZ concept. For example, Bolashikov 
et al. [61] and Melikov et al. [62] each reported a high efficiency PV 
nozzle placed at each side of the headrest, which would supply up to 
99% clean air to the BZ. Niu et al. [63] proposed a chair-based PV ATD 
design with the PV nozzle placed just beneath the mouth at the micro-
phone position, which could achieve up to 80% fresh air in the inhaled 
air with a supply flow rate of less than 3.0 L/s. 

A desk-mounted round movable arm proposed by Bolashikov et al. 
[64] can also realize a high clean-air delivery efficiency due to the short 
distance between the PV ATD and the BZ. Nielsen et al. [18] reported an 
entrainment-minimized PV ATD to improve inhaled air quality; this does 
not use the jet entrainment concept but locates the source of clean air in 
the boundary layer close to the BZ. This idea was based on the body’s 
close contact with textile surfaces such as a neck support pillow or a 
backrest cushion of a seat. 

Such designs would guarantee that PV would function with high 
efficiency at the BZ of the protected person. The PV ATD used in this 
study can only obtain a clean-air delivery efficiency of 40%, and was 
shown to not be very effective in protecting an exposed occupant against 
infectious particles, especially at a low air-flow rate. Higher efficiency 
PV systems may help to minimize the infection risk for an occupant. 

Another way to increase the benefits of PV is to block the trans-
mission route between two occupants. From Figs. 9 and 13, it can be 
seen that direct exposure occurs when the exhalation flow penetrates the 
exposed occupant’s BZ. If a partition with sufficient height can be set 
between the occupants to block the penetration of the exhaled flow, the 
possibility of PV’s direct entrainment of the exhaled flow from another 
occupant will be substantially lowered. Such partitions are commonly 
used in office rooms, and thus could also be used in other situations. 

PV combined with personalized exhaust (PE) may serve as another 

Fig. 14. Infection risk-assessment of influenza A over time in (a) scenario 1 and 
(b) scenario 2. 
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means to control transmission of infectious particles. That is, PV used 
only for the infector may actually facilitate the transport of exhaled 
infection particles. Although the resulting increased infection possibility 
was found to be limited, PV’s promotion of the mixing of exhaled 
pathogens with room air should be avoided. In this context, PE used by 
occupants may directly perturb the dispersion of exhaled pathogens and 
should be effective in infectious source control [65]. Melikov and 
Dzhartov [66] developed an air distribution method for capturing 
exhaled air by using the “push and pull” ventilation principle. Briefly, a 
front PV nozzle supplied clean air to the occupant and pushed the 
exhaled air to disperse both sideways and backwards. The PE of two 
headrest exhaust terminals removed the pushed exhaled air before it 
mixed with the surrounding air. This design combined the benefits of PV 
and PE and resulted in a substantial decrease in the concentration of 
infectious particles in the ambient air. A combination of PV and PE was 
also found to increase the received amount of clean air from PV [67]. 

Yang et al. developed two types of PE for positioning on an in-
dividual’s shoulder or torso, for use in healthcare facilities to reduce 
doctors’ exposure when diagnosing potentially infected patients [68]. If 
this PE was combined with PV for doctors’ (or anyone else’s) use, the 
intake fraction of exhaled contaminant would be less than that achieved 
with use of PV or PE alone [69]. These findings show that PE [65–69] 
has excellent performance, and may be another promising solution for 
airborne transmission control. 

4.2. Limitations of this study 

The breathing from a manikin could be different to that of humans 
[30], which means that these findings deviate from the reality in some 
aspects. In addition, it was assumed that the average concentration of 
droplets reaching human subjects would all be infectious, but this would 
not be true in reality because not all of the expelled droplets would 
contain infectious particles, which would also lead to over-estimates of 
the infection risk of influenza A. For mouth breathing, most measure-
ments from human subjects have a downward flow-trend angle rather 
than the upward flow from the manikin. Moreover, the propagation 
distance of exhaled flow in humans was less than that of the manikin. 
These deviations would also contribute to overestimation of exposure 
risk. 

The alignments of PV with specific distances and angles in this study 
are not representative configurations of all PV systems, and thus the 
conclusions are not generalizable to all PV systems. The performance of 
PV in disease control could be affected by a number of factors, such as 
background ventilation, the supplied air temperature and the relative 
distance between occupants, and these should be investigated in future 
studies. 

5. Conclusions 

It was previously reported that PV protection technology was able to 
mitigate the spread of airborne transmissible disease, but this research 
area is new. This paper was focused on evaluating the effect of PV on the 
probability of cross infection between two occupants in close proximity 
(<1 m). Two scenarios with different alignments of PV were compared. 
Concerns about the possibility of PV facilitating the transport of exhaled 
pathogen were examined in two ways. 

In the first, the infector was subjected to PV, meaning that the PV 
flow interacted with the exhaled flow from the source, resulting in 
accelerated mixing of exhaled droplets with room air and occasionally 
increased exposure of the susceptible person to particles. Over 90% of 
the droplets to which the susceptible person was exposed were derived 
from indirect transmission when only the source manikin used PV. 

In the second, the PV interacted with the infector’s exhaled flow, 
which increased the direct exposure level. When the PV flow fell within 
the area accessible to the exhalation of the infector, the PV jet entrained 
more droplets, resulting in an increased direct exposure to the 

susceptible person of more than 50%. 
The infection risk of influenza A was evaluated based on the dose- 

response model. With a continuous exposure time of 2 h, the infection 
probability varied from 0.28 to 0.85 according to different PV align-
ments. PV displayed a potential to reduce infection risk only when PV 
was operated with a high efficiency and successfully supplied clean air 
to the breathing zone of the protected person. This was achieved when 
both the source and target were subject to PV at a flow rate of 9 L/s in 
both scenarios, indicating that a higher clean air volume and no direct 
entrainment from the infector’s exhalation would aid in protection 
against disease transmission to the exposed occupant. 

The complex interaction of airflows in the microenvironment be-
tween occupants was found to affect the efficiency of PV and the 
transmission of droplets. As PV is a ventilation mode that directly per-
turbs a human microenvironment, the flow interactions between these 
airflows should be carefully considered to achieve an optimal design for 
infection control. Use of PE for infectious source control, measures to 
block the penetration of exhaled flow and designs for improving the 
efficiency of PV ATDs would be beneficial to maximize the effective 
application of PV for airborne disease control within the human 
microenvironment. 
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